Introduction
A small-scale gap included between two planar plates has found new applications in a broad range of fields in recent years. For example, the micro-scale or nano-scale gaps are precisely formed and controlled to purify the water from the process industry in environmental science, and filter the cells or molecules in biotechnology, pharmaceutical and food industries [1] [2] [3] . A 300nm gap capacitor was employed in the dielectric spectroscopy to determine the dielectric properties of genomic and proteomic structures [4] . In DNA microarrays replication technique the gap between the master and substrate needs to be strictly controlled to the order of 10 nm, to make the single-stranded DNA features perfectly duplicated [5] .
Many technologies, especially optical approaches, have been developed to meet the requirement for absolute gap thickness measurement. Among these methods the optical geometry, ultrasound technique, PSD (position-sensitive detector) sensing, laser confocal sensor are limited by their micron-level resolution and accuracy. The diffraction based technique, though capable of scaling the gap as micro as near to contact, requires certain patterns to be printed on the plate forming the gap, which is not feasible for many applications. White-light interferometer has both the high resolution and high accuracy [6] ; however, it cannot measure the gap formed by plates with high chromatic dispersion, unless a compensate plate, i.e. a plate with identical thickness and refractive index, is inserted into the reference arm, which makes this method not convenient in many cases.
In this paper a special configuration of white-light scanning interferometer is developed, in which the measured gap is not located in any interference arm of the interferometer, but acts as an amplitude-and-phase modulator of the light source. Compared to the common white-light interferometer, our approach avoids the influence of the chromatic dispersion of the planar plates on the gap thickness measurement. It possesses a large measurement range of from several hundreds of nanometers to tens of microns as well as a high resolution of 0.1 nm, but does not employ any expensive equipment like spectrometer or monochromator. These advantages make our approach quite competent for the practical applications.
Apparatus configuration
The experimental setup applied in this approach is shown schematically in Fig. 1 . White light emitted from a quartz halogen lamp, covering the wavelength from 400nm to 1100nm, is collected into a light guide and collimated by an aperture as well as an achromatic lens. The parallel beam, reflected by a beamsplitter, is then incident on the gap included between the two optical plates. Here, multiple-beam interference takes place, making both the amplitude and phase of the light modulated. Subsequently, the gap-modulated beam is guided into a Michelson interferometer, in which a PZT (Piezoelectric Transducer) driven mirror is placed in the moving arm and a fixed mirror in the reference arm. The reflected beams from the two arms are recombined and interference with each other, and the consequent light intensity is measured by a photodetector and recorded into the computer for further processing.
Signal Simulation
When the PZT drives the moving mirror, the length difference between two interference arms Δ is changed, causing the variation of the light intensity I received by the detector. Based on the theoretical analysis, the I-Δ curve is simulated and illustrated in Fig. 2 , where three peaks can be observed evidently. The central upward peak occurs at the position of Δ = 0; the side burst two peaks are downward and located at Δ = h and Δ = −h, respectively. Here, h means the gap thickness. Therefore, the gap thickness can be determined by measuring the spacing between the central peak and the side two, and the chromatic dispersion of the plates including the gap has not any influence in quantifying the gap thickness. This forms the basic principle of our approach.
Data Processing
Signal-processing algorithms are designed for processing different gap thickness. (i) For gaps thicker than 10 μm the thickness can be easily determined by the spacing between the peaks. (ii) For gap thickness between 1μm and 10 μm, the distance between the central peak and the side two is small enough to make the side burst lobes of the peaks combined into the peak data, causing these three peaks deviate from their ideal locations. An algorithm is designed to subtract the central peak from the signal to make only the side two peaks left, and thus the gap thickness can be quantified accurately by measuring the half spacing between these two peaks. (iii) For the gap thickness less than 1 μm, even after subtracting the central peak the thickness still can not be calculated directly, because the two side peaks are close enough to make side lobes of one peak superimposed to the other. Curve matching technique by correlation calculation is applied to process this case. By computer simulation we include two side peaks and vary their spacing from 1 nm to 1 μm to obtain their corresponding curves, forming a database for gap thickness from 1 nm to 1 μm. The practically acquired signal, after subtracting the central peak, will be compared with the curves in the database by correlation calculation, and the one matching the practical signal best indicates the gap thickness.
Experimental Results
One typical experimental signal acquired for a practical gap is shown in Fig. 3 (a) , where the abscissa axis represents the PZT translation and axis of ordinates shows the intensity received by the photodetector. Based on our signal processing, the gap thickness is estimated as 6.3732 μm. In the practically acquired curve the difference between the intensity of the peak and of its side lobes appears not so significant, because the light source does not emit all the wavelengths by an even ratio; the same goes for the transmission of the applied lens and beam splitters, as well as the detection of the photodetector. Taking into account all the actual parameters of applied components in our apparatus, the theoretical curve for a 6.3732 μm gap is simulated and illustrated in Fig. 3 (b) , from which we can see the match between the practical and simulated results.
The short-term and long-term repeatabilities of our approach are both examined to test the precision of our approach. (i) In the first experiment the same gap with the thickness about 500 nm is measured eight times within one minute, and their thicknesses are determined as 500. The measurement resolution of our approach is determined by the resolution of PZT translation, which is currently 0.1 nm. The measurement range depends on the scanning length of the employed PZT; if larger range is required, an electromechanical actuator such as the voice coil motor can be selected. The high repeatability of our apparatus makes it competent for the practical applications. 
